ABSTRACT: It is well known that asphaltene molecules play a significant role in stabilizing emulsions of water in crude oil or diluted bitumen solutions. Molecular dynamics simulations were employed to investigate the aggregation and orientation behaviors of asphaltene molecules in a vacuum and at various water surfaces. Two different continental model asphaltene molecules were employed in this work. It was found that the initially disordered asphaltenes quickly self-assembled into ordered nanoaggregates consisting of several molecules, in which the aromatic rings in asphaltenes were reoriented to form a face-to-face stacked structure. More importantly, statistical analysis indicates that most of the stacked polycyclic aromatic planes of asphaltene nanoaggregates tend to be perpendicular to the water surface. If the asphaltene molecules are considered as "stakes", then the asphaltene nanoaggregate can be regarded as a "fence". All the fence-like nanoaggregates were twined and knitted together, which pinned them perpendicularly on the water surface to form a steady protective film wrapping the water droplets. The mechanism of stabilization of the water/oil emulsions is thereby well understood. Demulsification processes using a chemical demulsifier were also studied. It was observed that the asphaltene protective film was destroyed by a demulsifier of ethyl cellulose molecules, leading to exposure of the water droplet. The results obtained in this work will be of significance in guiding the development of demulsification technology.
INTRODUCTION
As the heaviest fraction of crude oil or bitumen, asphaltenes are complex mixtures of molecules composed of aliphatic chains, polyaromatic condensed rings, organometallic complexes, and heteroatoms of nitrogen, oxygen, and sulfur. 1 They are defined by their insolubility in low-boiling paraffinic solvents such as npentane and n-heptane and their solubility in toluene and benzene. 2 Asphaltenes are regarded as the most enigmatic component in petroleum because of their negative influence on stabilizing the water-in-crude oil emulsion, 3−7 affecting the wettability of reservoir rock during oil recovery, 8 plugging the reservoir pores and pipes in the transportation, 9 corroding the metal surface of distillation equipment, 10 and poisoning the catalysts 11 during refinement processes. All these challenges are closely related to their self-aggregation.
In recent years, great efforts have been made to study the aggregation of asphaltenes and their effect on stabilizing oil/ water emulsions. Various analytical instruments were employed to study the asphaltene molecules' self-aggregation behaviors. For example, a photometric dispersion analyzer was used to investigate asphaltene aggregation online. 12 A micropipet technique was widely used to investigate the formation and destruction of asphaltene molecular films at water/oil interfaces 13−16 as well as in demulsification processes. 17, 18 Moreover, after asphaltene films were transferred onto glass or silicon surfaces, the film morphology was examined by atomic force microscopy (AFM) in order to study how the demulsifiers destroy the asphaltene film. 19−23 Previous studies greatly deepened our understanding of the emulsion stabilization and demulsification mechanism. However, experimental research has inevitable shortcomings in studying the aggregation of asphaltenes at nanoscale or molecular levels. 24 Therefore, computer simulation techniques such as molecular mechanics (MM), molecular dynamics (MD), Monte Carlo (MC), Brownian dynamics (BD), and dissipative particle dynamics (DPD) simulations are useful complements to the experimental research. These simulations could well describe the dynamics of the evolution of molecular behaviors at water/oil interfaces and thereby reveal the nature of asphaltene aggregation. With the help of computer simulations, numerous studies on the selfaggregation of asphaltenes have been carried out at the molecular level in the past decade.
Rogel investigated the asphaltenes' aggregation in mixed solvents 25 and found that more-stable dimers of asphaltene aggregates were obtained as the ratio of n-heptane to toluene increased. They ascribed the stabilization energy of asphaltene aggregates mainly to the van der Waals interactions between molecules. 26 Asphaltene aggregation in a vacuum at different temperatures was studied by Pacheco-Sańchez et al. 27 It was suggested that different aggregate structures corresponded to different types of interaction. In another study by the same group, asphaltene aggregates in face-to-face stacking and π-offset or T-shaped stacking geometries were observed through a geometry optimization process in the molecular simulation. 28 A further study on heat-induced relaxation of asphaltene aggregates was done by Takanohashi and co-workers. 29 They found that the intermolecular hydrogen bonds between asphaltenes dissociated at 523 K, but the aromatic−aromatic stacking configuration was still considerably stable. Sedghi and Goual et al. suggested that the interaction between stacked polycyclic aromatic hydrocarbons (PAHs) is the driving force for aggregation. The interaction strength is dependent on not only the number of aromatic rings but also the presence of heteroatoms in the aromatic core that can reduce the electrostatic repulsion. 30 Ungerer et al. conducted the MD simulations of model asphaltene molecules in both toluene and n-heptane. Their studies indicated that asphaltenes underwent stronger stacking in n-heptane than in toluene. The aggregation process of asphaltene is apparently irreversible, which is attributed to the dispersion energy between the PAHs of asphaltenes. 31 The orientation of asphaltene aggregates in single-solvent or binary solvents system was also investigated by molecular simulations. Greenfield and Zhang 32 found that the molecular orientation of neighboring molecules was closely related to the molecular structure and the environmental temperature. It was observed that asphaltene molecules with long aliphatic branches prefer to exhibit parallel arrangement at the high temperature of 443.15 K, while they prefer to pack perpendicularly at the low temperature of 298.15 K and have an intersection angle about 40°between molecules at the intermediate temperature of 358.15 K. Highly aromatic asphaltene molecules prefer to stay almost parallel to each other at low temperatures and almost perpendicular at high temperatures. Bhattacharjee et al. studied the asphaltene-like structures in aqueous/organic solvent systems. 33 The simulations showed that the model molecules tend to form aggregates in pure solvent, and specific fractions with ionic terminal groups on the aliphatic chains could dramatically enhance the interfacial activity of the entire asphaltene population. Such findings indicated that the interfacial activity of the asphaltene molecules was probably related to their terminal group characteristics rather than the polyaromatic rings. Aggregation and partitioning of the model asphaltenes at toluene/water interfaces were further studied by Bhattacharjee et al. 34, 35 It was observed that the polyaromatic rings of the asphaltene molecules prefer to position themselves perpendicularly to the toluene/water interface. Boek et al. 36 investigated the interfacial phenomena of oil/asphaltene/water systems. Their simulations showed that the PAHs plane is attracted by the interfacial water molecules to form stable parallel structures. The angles between the aromatic planes of two types of asphaltene and the oil/water interface at various times were also calculated. Their statistics indicated that the nanoaggregate of asphaltenes could oscillate and adopt a vertical structure with respect to the oil/water interface.
Destroying the stability of crude oil emulsions is an important step in the petroleum industry. A few simulations were also performed on the demulsification process of the model crude oil emulsion. For example, demulsification of heavy crude oil emulsions in the presence of a functionalized copolymer was investigated by Alvarez et al. by using the framework of the DPD simulation. 37 It was found that the copolymer with short-chains was more effective to accelerate the water coalescence than that of with long chains. In this work, an all-atom model was employed by using MD simulation to study the aggregation of asphaltene molecules at the water/ oil interface. The molecular orientation of asphaltenes and how the asphaltene protective film formed at oil/water interface were investigated. Additionally, demulsification by chemical demulsifiers was also studied to illustrate the processes of how the protective film composed of asphaltene nanoaggregates was destroyed.
MOLECULAR DYNAMICS SIMULATION
Molecular dynamics simulations on aggregation behaviors of asphaltene molecules in vacuum or at various water surfaces were carried out to understand the water/oil emulsion system. The emulsion system consists of three parts: the water droplet, the asphaltene layer, and the continuous phase (vacuum or toluene). By changing the type of asphaltenes and continuous phase, we were able to investigate the aggregation and orientation of asphaltenes at the water surface.
The three-dimensional (3D) structures of molecules of water, toluene, asphaltenes, and ethyl cellulose (EC) were created and optimized by using the Accelrys Material Studio software package 4.4 (MS). The coordinates of molecular structures were then exported and submitted to the Packmol program 38 to generate the predefined molecular configurations for the MD simulations. By geometrical optimization with the program, molecules were constrained within a defined area at specified positions to avoid the atoms overlapping or being too close to one another. Various initial predefined geometrical structures were created with the program, including spherical, cubic, or random. The cutoff distance was set to be 2.0 Å in all the initial molecular configurations. The export files from the Packmol program were then submitted back to MS to obtain the proper molecular characters and combine the different shapes of molecular configurations to form even more complex simulation systems, such as the toluene/asphaltene/water system. Despite the dispute over the structure of asphaltenes, it is generally accepted that asphaltene molecules can be classified into two architectures. The continental model is shaped like a hand, in which the aromatic rings are considered the palm and the alkyl side chains are the fingers. The other widely accepted model is the archipelago architecture, where each asphaltene molecule is composed of several fused aromatic rings linked by bridge chains. Recently, a quantitative molecular representation (QMR) technique 39, 40 based on experimental data was employed to obtain the structure of asphaltene molecules used in the simulations. In this work, two typical continental asphaltene molecular models were used in the simulations ( Figure  1 ). 41 The composition and structure of coal asphaltene and petroleum asphaltene molecules were inspired by the Indonesian bituminous coal sample and the UG8 Kuwait crude oil sample, 42 respectively. The coal asphaltene has a pyridine ring, four condensed aromatic rings, and three short alkyl chains. Meanwhile, the petroleum asphaltene has a single polyaromatic nucleus including a saturated cycle, a pyrrole ring, and six aromatic rings. Four alkyl chains are linked to the polyaromatic core. Similar asphaltene models have been used in the early MD simulations. 29, 34 The water molecules were modeled by the extended simple point charge potential (SPC/E). 43 Prior to simulation, the water droplet was first relaxed for 10 ns at 300 K. In the simulations, the oil phase was represented by toluene. Consistent valence force field (CVFF) 44 was used to describe the asphaltene and other molecules. In a previous study, CVFF correctly described the formation of dimers for a series of aromatic compounds from benzene to coronene. 26 The charges of the atoms were assigned according to the CVFF database and remained constant during the calculations.
The MD simulations were performed by using the large-scale atomic/molecular massively parallel simulator (LAMMPS), 45 which is an open source program for massively parallel simulations. All the simulations were carried out in the NVT ensemble using a Nose− Hoover thermostat at ambient temperature of 300 K. 46 The nonbonded interactions between the sites were described by the Lennard-Jones potential, with the cutoff of 1.1 nm. The long-range electrostatic interactions were handled using the particle−particle− particle−mesh (PPPM or P3M) method with a cutoff distance of 1.1 nm and an accuracy of 1 part in 1 × 10 4 for all simulations. A 1.0 fs time step was used, and the output trajectories were recorded every 0.1 ps. In all the simulations, one minimization algorithm for highly overlapped systems was employed to minimize the local potential energy of the simulation system during all the simulation processes by iteratively adjusting the atom coordinates. Iterations are terminated when one of the stopping criteria (such as energy, force, the maximum iterations, and the maximum number of force/energy evaluations) is satisfied. The simulation box sizes and calculation steps were chosen according to the given system. During the model construction and simulations, 3D periodic boundary conditions were applied. In the simulations, the system energy and the force between molecular groups were monitored to indicate the equilibrium of the systems (details are given in the Supporting Information). All the molecular configurations and snapshots were visualized and acquired with visual molecular dynamics (VMD). 47 In order to validate the molecular model and force field, a series of additional simulations were conducted to obtain the physical properties of the water, toluene, and asphaltenes. The obtained physical properties, including the density and diffusion coefficients, were compared with the reported calculations and experimental data. It was found that the bulk densities of the water and toluene obtained in the simulations were 984.1 and 867.4 g/L, respectively, which are in good agreement with the experimental data (the densities are 997.07 48 and 862.3 g/L 49 ). In addition, the diffusion coefficients of various molecules in the simulations were calculated by using the Einstein equation. 50 The bulk self-diffusion coefficient of water is 2.42 × 10 −9 m 2 /s, which is close to the reported experimental value of (2.27−2.57) × 10 −9 m 2 /s. 51, 52 Meanwhile, the bulk self-diffusion coefficient of toluene is 2.49 × 10 −9 m 2 /s, which is good agreement with the value of 2.29 × 10 −9 m 2 /s in the previous simulation. 35 The diffusion coefficients of the coal and petroleum asphaltenes in toluene are found to be 5.14 × 10 −11 and 3.87 × 10 −11 m 2 /s, respectively, which agree with the reported experimental results of (2−7.5) × 10 −11 m 2 / s. 53 On the basis of these results, it is believed that the molecular modes and force field used in the simulations could well reflect the physical properties of various molecules (refer to the Supporting Information, Figures S1 and S2 ).
RESULTS AND DISCUSSION
3.1. Aggregation of Asphaltenes. The asphaltene aggregates generally have a variety of molecular stacking modes of dimers, trimers, tetramers, pentamers, etc. The aggregation behaviors of a few asphaltene molecules in vacuum/toluene were first studied. Two model molecules of the coal and petroleum asphaltenes (Figure 1) with N atom or S atom labeled were used in the simulations. Asphaltenes molecules were randomly set into a cubic simulation box edges of 5 nm. Aggregation of the coal and petroleum asphaltene molecules in vacuum/toluene was conducted at 300 K for 20 ns. Taking the asphaltene dimer and pentamer aggregates as examples, two and five asphaltene molecules were randomly distributed in vacuum/toluene initially. When the systems reached their equilibrium, it was found that the asphaltene molecules aggregated spontaneously and formed dimer or pentamer aggregates with the aromatic ring sheets face-to-face Figure 2 . Aggregates of asphaltenes in vacuum (a1, b1), interactions between two coal (a2) or petroleum (b2) asphaltene molecules, and the radial distribution function, g(r), for aggregates of coal (a3) or petroleum (b3) asphaltenes at 300 K. Figure 2a1 depicts the dimer and pentamer aggregates of the coal asphaltenes in vacuum, in which the aromatic rings are stacked together. As for aggregates of the petroleum asphlatenes, the aromatic rings experienced a deformation to form the stacked configurations because of the steric effect of aliphatic groups (Figure 2b1 ). The energy of the random asphaltene molecules was reduced by forming the aggregates. The stabilization energy for the aggregates was calculated from the difference between the total energy of the aggregates and the sum energy of the monomers ( Figure S3 ). 26 The average stabilization energies for various aggregates in vacuum and toluene are listed in Table 1 . It was found that there is no obvious distinction between the stabilization energies of asphaltenes in the two situations. It can be seen that the stabilization energy increased with increasing numbers of asphaltene molecules, indicating that the asphaltene molecules achieve their energy-minimum configuration by aggregating each other.
Energy & Fuels
The interaction energy between two asphaltene molecules in vacuum was also calculated. The interaction energies for two coal or petroleum asphaltene molecules are shown in Figure  2a2 ,b2. It is found that the energy plots are convergent and stable with increasing simulation times. The average interaction energies for two coal or petroleum asphaltene molecules are −2.48 × 10 −19 or −4.16 × 10 −19 J, respectively. The interaction energy between two asphaltene molecules is equal to the corresponding stabilization energy of the asphaltene dimer aggregate. The energy minimization is mainly due to the interactions between adjacent molecules. In contrast, the interactions between two nonadjacent coal asphaltene molecules (e.g., the blue and the pink asphaltene molecule in Figure  2a1 ) are extremely small compared with those of adjacent molecules (about 1.47 × 10 −20 J, the blue plot in Figure 2a2 ). To get a better understanding of the aggregation of asphaltenes, the aggregate structure was analyzed using the radial distribution function (RDF), g(r), which gives the probability of the occurrence of a particle "a" at a distance r from particle "b", compared to the average number density. The RDF was calculated through the following equation, 
where ρ is the density of the system, N is the number of atoms, T is the total time of the simulation, δr is the interval distance as set initially, and ΔN is the atom number between r and r + δr. Using the N atom on the aromatic rings as a reference point, a cutoff radius of 30 Å, and an interval distance of 0.02 Å, the RDF plots were calculated through the trajectory file data exported by LAMMPS. The RDF plots for the coal and petroleum asphaltene aggregates are shown in Figure 2 . It is believed that the peaks on the plots associated with specific neighbor molecules could well reflect the microscale configuration of an aggregate. For example, two peaks appearing on the g(r) plot for the aggregate of two coal asphaltene molecules indicate that probably there are two different configurations for the aggregate (the green plot in Figure 2a3 ). The two peaks are located at about 4.1 and 6.3 Å, respectively. However, the petroleum asphaltene molecules with aliphatic groups tend to form only one configuration of the dimer aggregate because of the steric effect of the aliphatic groups. As a result, only one peak appears on the g(r) plot (the green plot in Figure 2b3 ), and the distance between two adjacent PAHs planes is about 4.3 Å. The g(r) plots for aggregates of the trimer and tetramer are also shown in Figure 2a3 ,b3. Some small peaks also appeared besides the main peaks, which might be assigned to the nonadjacent molecules. However, the distance between two PAHs is slightly larger than the reported value of 3.8 Å, 31, 54 which is attributed to the fact that the aromatic rings of two asphaltene molecules are not completely overlapped and the distance between two N atoms of asphaltenes would be larger than the real distance of two PAHs planes. It is well known that natural surfactants such as asphaltenes and resins in petroleum tend to aggregate at the oil/water interface, 5 which has attracted considerable attention in recent years. Disputes are focused on the orientations of the plane of the aromatic rings, i.e., whether they are parallel, perpendicular, or at a certain angle with the liquid/liquid interfaces. 35, 36, 55, 56 Therefore, simulations were performed with a number of coal or petroleum asphaltenes at the water surface.
Because the critical micelle concentration (CMC) of various asphaltenes in toluene was in a large range of 0.1−3.24 g/L, 57, 58 it is difficult to select a proper asphaltene concentration in the simulation system. In order to study the aggregate behavior of asphaltenes at the water surface, sufficient asphaltene molecules (≫CMC) were used in the systems. In addition, it was reported that the diffusion coefficient of Athabasca asphaltenes in toluene was in the range of 2−7.5 × 10 −11 m 2 /s. 53 Although the diffusion time of asphaltene molecules from the oil phase to the oil/water interface is short in practice, it would be a very long time in the simulation. To save calculation time, the asphaltene molecules were randomly placed in a shell with a specific radius from the water surface. The density of the oil phase was designed to be close to the actual condition. In the simulation system, a water droplet wrapped with asphaltene molecules was placed at the center of the continuous phase in a simulation box with edges of 10 nm. The MD simulation was conducted for a sufficient time to reach their equilibrium state. Details of the simulation system setup, including the molecular number, density, and simulation time, are listed in Table 2 .
The aggregations of the coal and petroleum asphaltenes were initially performed at the vacuum/water interface, and the results are shown in Figure 3 (corresponding to simulations 3 and 4 in Table 2 ). In order to observe the simulation system and molecular behavior more clearly, only part of the carbon skeleton in the molecules is shown, and other atoms such as hydrogen atoms are hidden. It is found that the initially disordered coal or petroleum asphaltene molecules quickly selfassembled into an ordered structure at the water surface when the system reached its equilibrium, indicated as a function of the system energy with simulation time (Figures S4 and S5) . A graphite-like hierarchical structural aggregate consisting of a few asphaltene molecules was formed. More importantly, it is interesting that most of the stacked aromatic ring sheets preferred to be perpendicular to the water surface. Moreover, the stacked structure remained essentially stable for the rest of the simulation time (up to 6 ns). It is observed that only a few water or asphaltene molecules flew away from the water surface in the simulation process when the system was placed in vacuum. It should be pointed out that the aggregation and orientation of the asphaltenes at the water surface did not result from steric effects because of a high molecular density. For example, the asphaltene molecules still showed the same aggregation behavior for the situation with only 100 molecules on a larger water droplet surface (simulation 1 in Table 2 ).
The aggregation and orientation of the coal asphaltenes at a toluene/water interface were also investigated. As shown in Figure 4a , a water droplet (1000 g/L) with a radius of 3 nm wrapped by 400 coal asphaltene molecules (205.3 g/L) was immersed in toluene (870 g/L). The water/asphaltene/toluene system was then placed in a cubic simulation box with edges of 10 nm. The simulation was conducted for sufficient simulation time at 300 K, indicated as a function of the system energy with the simulation time ( Figure S6 ). The aggregation of asphaltenes at the toluene/water interface is shown in Figure  4 . It is observed that the PAHs of coal asphaltenes are aggregated in parallel, and most of the PAHs plane tends to be perpendicular to the toluene/water interface after a simulation time of 0.2 ns, which is analogous to observations with the asphaltenes at the vacuum/water interface ( Figure 3) . A further increase in simulation time did not cause further obvious changes in the parallel structure and the perpendicular orientation of the aggregates at the toluene/water interface (up to 5 ns). This finding reflects that, once the asphaltene nanoaggegates were formed and reoriented themselves to be perpendicular with the water surface, the configuration remained stable and did not change for the rest of the simulation time. These results are in good agreement with previous simulations on asphaltenes aggregates at the flat toluene/water interface reported by Bhattacharjee et al. 33−35 Mikami et al. 36 found that the angle between the aromatic plane and the oil/water interface was closely related to the number of asphaltene molecules. Taking the island-type asphaltene molecules as an example, the asphaltene molecules could oscillate and adopt a vertical structure with respect to the oil/ water interface when the number of asphaltene molecules increased.
3.2. Orientation of PAHs with Respect to the Water Surface. To further investigate the preferred distribution and orientation of asphaltene molecules at the water surface, a quantitative analysis on the orientation of the asphaltenes was conducted by calculating the angle between the aromatic planes and the water surface. The inset of Figure 5 shows the methodology of calculation of angle α formed by vector n, which is from the barycenter of the water droplet to the asphaltene molecule, and vector a, which is normal to the asphaltene PAHs plane. The angle α is equal to the inclination angle of PAHs with respect to the matching tangent of the water surface. To obtain the angle of inclination, the values of sin(α) of every asphaltene molecule were calculated by employing the simulation trajectories. The calculation was performed for the last picosecond of each simulation. When the value of sin(α) is close to 1, the PAHs of asphaltenes will be perpendicular to the water surface. While sin(α) is close to 0, the aromatic planes will be parallel to the water surface. The distribution of the sin(α) data for PAHs at various water surfaces is summarized in Figure 5 . It can be seen that most of the asphaltene molecules orient themselves with the PAH planes nearly perpendicular to the water surface. Take the orientation of 400 coal asphaltenes at water/toluene interface as an example: about 63.25% of the asphaltene molecules are nearly perpendicular to the oil/water interface (0.8 ≤ sin(α) ≤ 1.0), which is the predominant configuration of the asphaltene nanoaggregates at the water surface.
To have a better understanding on the asphaltenes' aggregation at various water surfaces, the RDF of the nanoaggregate configuration was also calculated and is shown in Figure 6 . The RDF plots of the coal asphaltenes at vacuum/ water and toluene/water interfaces are shown in Figure 6a . It can be seen that the two plots (green and black) have similar tendencies, with the main peak located at about 4.1 Å for both plots. However, on closer examination, a difference is found between the two plots. Compared to the situation of asphaltenes at the vacuum/water surface (the green plot), the RDF for asphaltenes at the toluene/water interface has some small peaks (the black plot). This might be attributed to the fact that toluene is a good solvent for asphaltenes. Although the asphaltene protective film could be still formed on the water surface which was not dissolved by the toluene, 59 ,60 the fine internal configuration of the asphaltene may have been possibly influenced. The RDF for petroleum asphaltenes at the vacuum/ water surface is shown in Figure 6b (the blue plot). It is found that the main peak is located at 4.3 Å, which is similar to that of the dimer aggregate shown in Figure 2b3 . In contrast, the small peaks are not obvious, indicating that the petroleum asphaltene molecules could form well-stacked nanoaggregates at the vacuum/water interface.
3.3. From Nanoaggregates to Protective Film at the Oil/Water Interface. Formation of a stable asphaltene protective film at the oil/water interface has been observed by using the micropipet technique. 15, 61, 62 The MD simulations clearly showed that the asphaltene molecules could well selfassemble to form ordered graphite-like aggregates in vacuum or at the vacuum/liquid and liquid/liquid interface (Figures 2−4) . The asphaltene nanoaggregate generally consists of a few molecules, with the molecular PAHs face-to-face stacking together. Moreover, most of the PAH planes were found perpendicular to the water surface (Figures 4 and 5) . If the asphaltene molecules are considered as "stakes" (Figure 7a ), then the asphaltene nanoaggregate could be regarded as a "fence" (Figure 7b ), which is perpendicularly pinned on the water surface. Probably with the help of the peripheral alkyl group or even other compounds such as resins, multiple fencelike nanoaggregates twist and knit together at the oil/water interface to form a steady thin film (Figure 7c) , which prevents the isolated water droplets suspended in oil from coalescencing ( Figure S7 ). The good stability of the water/oil emulsions is thereby well understood.
3.4. Demulsification of the Crude Oil Emulsion. Ethyl cellulose has been reported to be an effective demulsifier for water-in-diluted bitumen emulsions. 17, 63 In this work, EC with a lower polymerization (the degrees of substitution of ethoxylation and polymerization are 2.7 and 6, respectively) was used as the demulsifier for simulation of the process of demulsification of a water/asphaltene/toluene emulsion system. As shown in Figure 8a , 50 EC molecules (123.6 g/L) were dissolved in toluene. The EC molecules then gradually approached the asphaltenes at the toluene/water interface (Figure 8b ). It was interesting to find that, subsequently, the EC molecules encroached on the asphaltenes film and gradually pulled out the fence-like structure like peeling an orange ( Figure 8c) . As a result, the water droplet was partially uncovered, and so the coalescence of water droplets could occurred.
To understand the effect of EC on the asphaltene protective film, the RDF of asphaltenes with EC at toluene/water interface was calculated and is shown in Figure 6a (the red plot) . Compared to the situation without EC (the black plot), the demulsifier played a significant role with the asphaltenes aggregates. It is observed that the strength of the peaks at about 7.7 and 11 Å increased considerably, indicating that there is an increase in the distance between the PAHs owing to the external pulling force from EC. The asphaltene/EC and asphaltene/water interactions were calculated and are shown in Figure 9 . It is shown that the interaction energy between asphaltenes and water became nearly constant after 0.5 ns (Figure 9a ). For asphaltenes and EC, the interaction energy decreased, owing to the approach of EC to the water surface. When EC diffused to the water surface and interacted with the asphaltenes, the interaction energy tended to be stable after 0.8 ns, and the system reached its equilibrium. The interaction forces for asphaltenes/EC and asphaltenes/water are shown in Figure 9b . The average asphaltene/EC interaction force is about 4.89 nN, which is larger than that between asphaltene and water, 1.76 nN. Obviously, the EC molecules predominated over the water molecules to drag away the asphaltenes from the water surface. Therefore, the asphaltene protective film was partially destroyed, resulting in exposure of the water droplet.
The slope of mean-squared displacement (MSD) versus time is proportional to the diffusion coefficient of molecules. The diffusion coefficients of molecules in the simulation systems could be calculated from the simulation trajectories by using the Einstein equation: (2) where N d is the dimensionality (N d = 3 for the simulations), and ⎯ → ⎯⎯ r t ( ) and ⟨| ⎯ → ⎯⎯ r t ( ) − ⎯ → ⎯⎯ r(0)| 2 ⟩ are the position and squared displacement of given molecules at time t, respectively. The results in Figure 10 show that the diffusion coefficient of a coal asphaltene nanoaggregate at a toluene/water interface is about 1.19 × 10 −10 m 2 /s, which is in agreement with the previous calculation for asphaltene at a toluene/water interface. 34 In addition, the MSD plot of coal asphaltene with EC was initially analogous to that of asphaltene without EC (before 0.2 ns). The MSD of asphaltene with EC then gradually became larger (about 0.2−0.7 ns). At last, it was nearly linear with respect to time after 0.7 ns. At that time, the diffusion coefficient of asphaltene nanoaggregates with EC at the toluene/water interface was 2.17 × 10 −9 m 2 /s. Clearly, the diffusion velocity of the asphaltene nanoaggregates at the toluene/water interface was accelerated by attaching the EC molecules.
CONCLUSION
MD simulations were employed to explore the aggregation and orientation behaviors of the asphaltene molecules in vacuum or at various water surfaces. It was found that the initially disordered asphaltene molecules at vacuum/toluene quickly self-assembled into ordered aggregates consisting of several molecules, in which the asphaltene aromatic rings face-to-face stacked together. Such aggregation behavior could occur at the vacuum/water or toluene/water interface as well. More importantly, it was interesting to find that the stacked PAH planes prefer to be perpendicular to the water surface. This finding was supported by the statistical analysis of the asphaltenes' orientation on the water surface. The formation process of the asphaltene protective film from the randomly distributed asphaltene molecules was demonstrated in the MD simulation. In addition, the demulsification process, using a chemical demulsifier, was studied. It was observed that the asphaltene protective film was destroyed by the demulsifier of EC molecules, leading to exposure of the water droplet. These findings indicate that MD simulation is a useful and effective way to study the mechanism of stabilization and demulsification of the water/oil emulsion at a molecular scale. The results obtained in this work will be of significance in guiding the development of demulsification technology.
